ABSTRACT Exposure ofhuman monocyte-macrophages to as little as 50 IAI of culture medium from lymphocytes stimulated by concanavalin A (Con A) resulted in a dramatic decrease in the activities of the low density lipoprotein (LDL) receptor pathway, the LDL-dextran sulfate pathway, and the scavenger receptor pathway. This effect was not seen when the monocyte-macrophages were exposed to culture medium from lymphocytes cultured without Con A or with Con A together with a-methyl mannoside or control medium without lymphocytes. The activity of 3-hydroxy-3-methylglutaryl-coenzyme A reductase also decreased in. monocyte-macrophages exposed to culture medium from stimulated lymphocytes. Acyl-CoA:cholesterol O-acyltransferase activity, protein synthesis, protein content, phagocytosis of heat-killed yeast, and non-receptor-mediated endocytosis were not inhibited. Monocyte-macrophages exposed to malondialdehyde altered-LDL in the presence of stimulated lymphocyte culture medium accumulated substantially less cholesteryl esters than did cells in control medium. We propose that substances produced by stimulated lymphocytes may be useful in protecting macrophages from cholesteryl ester accumulation. There now is substantial evidence that many of the foam cells in atherosclerotic lesions are macrophages derived from blood monocytes (1-5). On the basis of studies from this laboratory (6-8) we concluded that normal low density lipoprotein (LDL) does not cause cholesteryl ester accumulation in macrophages derived from human monocytes. However, cholesteryl ester accumulation of the degree found in foam cells was induced when LDL was modified by malondialdehyde. This malondialdehyde-modified LDL (MDA-LDL) entered the cells through a receptor for negatively charged proteins, the scavenger receptor (6-10). Dextran sulfate complexed with LDL (11) enters macrophages by a different pathway and also causes cholesteryl ester accumulation. Because it has been reported that the cholesterol content of activated macrophages from lower animals is higher than that of nonstimulated macrophages (12, 13), we reasoned that activation of human macrophages by stimulated lymphocytes might promote the uptake of exogenous cholesterol. Therefore we tested the effect of supernatants from human lymphocytes exposed to concanavalin A (Con A) on the cholesterol metabolism ofmonocyte-macrophages isolated from the same person. Unexpectedly, we found that both the influx of exogenous cholesterol and the activity of the rate-limiting enzyme in cholesterol biosynthesis, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, were markedly reduced. On the basis ofthese studies we propose that substances produced by stimulated lymphocytes may be useful in protecting macrophages from cholesteryl ester accumulation.
ABSTRACT Exposure ofhuman monocyte-macrophages to as little as 50 IAI of culture medium from lymphocytes stimulated by concanavalin A (Con A) resulted in a dramatic decrease in the activities of the low density lipoprotein (LDL) receptor pathway, the LDL-dextran sulfate pathway, and the scavenger receptor pathway. This effect was not seen when the monocyte-macrophages were exposed to culture medium from lymphocytes cultured without Con A or with Con A together with a-methyl mannoside or control medium without lymphocytes. The activity of 3-hydroxy-3-methylglutaryl-coenzyme A reductase also decreased in. monocyte-macrophages exposed to culture medium from stimulated lymphocytes. Acyl-CoA:cholesterol O-acyltransferase activity, protein synthesis, protein content, phagocytosis of heat-killed yeast, and non-receptor-mediated endocytosis were not inhibited. Monocyte-macrophages exposed to malondialdehyde altered-LDL in the presence of stimulated lymphocyte culture medium accumulated substantially less cholesteryl esters than did cells in control medium. We propose that substances produced by stimulated lymphocytes may be useful in protecting macrophages from cholesteryl ester accumulation. There now is substantial evidence that many of the foam cells in atherosclerotic lesions are macrophages derived from blood monocytes (1) (2) (3) (4) (5) . On the basis of studies from this laboratory (6) (7) (8) we concluded that normal low density lipoprotein (LDL) does not cause cholesteryl ester accumulation in macrophages derived from human monocytes. However, cholesteryl ester accumulation of the degree found in foam cells was induced when LDL was modified by malondialdehyde. This malondialdehyde-modified LDL (MDA-LDL) entered the cells through a receptor for negatively charged proteins, the scavenger receptor (6) (7) (8) (9) (10) . Dextran sulfate complexed with LDL (11) enters macrophages by a different pathway and also causes cholesteryl ester accumulation. Because it has been reported that the cholesterol content of activated macrophages from lower animals is higher than that of nonstimulated macrophages (12, 13), we reasoned that activation of human macrophages by stimulated lymphocytes might promote the uptake of exogenous cholesterol. Therefore we tested the effect of supernatants from human lymphocytes exposed to concanavalin A (Con A) on the cholesterol metabolism ofmonocyte-macrophages isolated from the same person. Unexpectedly, we found that both the influx of exogenous cholesterol and the activity of the rate-limiting enzyme in cholesterol biosynthesis, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, were markedly reduced. On the basis ofthese studies we propose that substances produced by stimulated lymphocytes may be useful in protecting macrophages from cholesteryl ester accumulation.
METHODS
Lymphocytes and Macrophages Derived from Monocytes. Pure human lymphocytes and monocytes were prepared from the blood of normal individuals by using counterflow centrifugation as described (method BB in ref. 8 ) except that the lymphocyte fractions were collected at 8.8, 10.2, 11.5, and 12.5 ml/ min, respectively. The monocytes (106 cells) were cultured in 35 X 10 mm plastic tissue culture dishes in 1 ml of 30% autologous serum in Dulbecco's modified Eagle's medium (GIBCO, no. 430-1600) supplemented with 24 mM NaHCO3, 10 mM Hepes, insulin (8 ,pg/ml), glucose (2 mg/ml), and antibioticantimycotic (GIBCO, no. 600-5245) (1:100) [hereafter referred to as medium B in order to be consistent with our previous publications (6) (7) (8) ]. Viability was determined by trypan blue exclusion and ability to ingest heat-killed Candida albicans (14, 15) . In most experiments the lymphocytes (3 x 106 cells per ml) were cultured in 25-cm2 tissue culture flasks (Coming, no. 25100) in 30% autologous serum in medium B supplemented with 0.350 nM MnCl2. Unless otherwise stated, lymphocyteconditioned medium (LCM) was prepared by incubating the lymphocytes for 2 days with Con A (Sigma, no. C-2010) at 25 tug/ml. Parallel flasks with Con A but without lymphocytes provided the control medium (CM). At the conclusion of the incubation the lymphocytes were removed by centrifugation, methyl a-D-mannoside (Sigma, no. M-6882) was added to prevent further action of the Con A, the supernatant was filtered through a 0.45-,um-pore-diameter filter, and aliquots were combined with fresh medium (30% autologous serum in medium B) prior to addition to the monocyte-macrophages.
Sera and Lipoproteins. Autologous serum, LDL, and MDA-LDL were prepared and the lipoproteins and human serum albumin (hereafter referred to as albumin) (Sigma, no. A-8763) were radioiodinated as described (7).
Assays. The proteolytic degradation of "2I-labeled native-LDL ('25I-native-LDL) and "2I-labeled MDA-LDL (125I-MDA-LDL) was used as a measure of receptor-mediated endocytosis (LDL receptor pathway, LDL-dextran sulfate pathway, and scavenger receptor pathway) and the degradation of "2I-labeled albumin ("2I-albumin) was used as a measure of non-receptormediated endocytosis. The proteolytic degradation of the 125I-labeled proteins was measured by assaying the amount of 5I-labeled trichloroacetic acid-soluble (noniodide) material formed by the cells and excreted into the culture medium as previously described (6, 7, 16) . Free and esterified cellular cholesterol contents were determined using gas/liquid chromatography Abbreviations: LDL, low density lipoprotein; MDA-LDL, LDL modified by malondialdehyde; HMG-CoA, 3-hydroxy-3-methylglutarylcoenzyme A; Con A, concanavalin A; LCM, lymphocyte-conditioned medium; CM, control medium prepared without lymphocytes.
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.0*2. Monocytes were cultured in 1 ml of 30% autologous serum in medium B. After 2 days the medium was removed and replaced with 0.5 ml of fresh medium of the same composition together with 0.5 ml of LCM (heavily stippled bars) or 0.5 ml of CM. Other controls included 0.5 ml of the supernatant from lymphocytes incubated without Con A (No Con A), lymphocytes incubated with Con A together with a-methyl mannoside from the start of the incubation (lightly stippled bars, Con A + aMeMan), all fresh medium-i.e., 30% autologous serum in medium B (All fresh). Three days later the medium was removed, the cells were washed, and 20 pug of 1251-native-LDL (411 cpm/ng of protein) with or without a 50-fold excess of nonradioactive-LDL (A) or 10 ,ug of 1251-MDA-LDL (427 cpm/ng protein) with or without a 50-fold excess of nonradioactive MDA-LDL (B) was added. After 4 hr at 370C the amount of 1251-labeled acid-soluble material in the medium was determined. The values shown are the mean ± 1 SD of quadruplicate dishes incubated without excess nonradioactive lipoprotein. Subtracting the values obtained in the presence of excess nonradioactive lipoprotein from the values obtained in the absence of nonradioactive lipoprotein revealed that 97 ± 1% and 95 ± 1% (CM, A and B, respectively) and 96 ± 1% and 94 ± 1% (LCM, A and B, respectively) of the release of radioactivity were due to degradation by high-affinity receptors. *Pf < 0.001 compared to CM. (6, 7), and HMG-CoA reductase activity was determined in Kyro EOB (Procter and Gamble) extracts (17, 18 (20) .
RESULTS
The degradation of both 125I-native-LDL and '25I-MDA-LDL by high-affinity receptors dramatically decreased (Fig. 1) when monocyte-macrophages were exposed to medium from lymphocytes cultured with Con A (LCM). The lymphocyte supernatant had no significant effect when Con A was omitted (Fig.  1) . When 50 mM a-methyl mannoside was added together with the Con A from the beginning ofthe lymphocyte incubation the resulting effect upon the receptor activities of the monocytemacrophages was substantially blunted (Fig. 1) . The experiments shown in Fig. 2 demonstrate that at higher ratios of amethyl mannoside to Con A the inhibitory effect of the lymphocyte supernatant upon the receptor activities of the monocyte-macrophages was completely blocked. Taken together ( Figs. 1 and 2 ), these data constitute strong evidence that lymphocytes stimulated by Con A produce substance(s) that result to analyze the data from 14 different donors, we found that the activity of the LDL receptor pathway decreased 40 ± 14% (range 19-63%) and the activity ofthe scavenger receptor pathway decreased 67 ± 16% (range 25-90%) in the LCM as compared to the CM. The potency and specificity of the LCM is shown in Fig. 3 .
As little as 50 A1 of LCM in a 1-ml incubation mixture caused ties. The uptake and degradation of "2I-albumin by the monocyte-macrophages was linearly related to the concentration of protein and therefore consistent with non-receptor-mediated endocytosis, as has been reported to be the case for human fibroblasts (9) . In contrast to the effect ofthe LCM upon the LDL and scavenger receptor activities of the monocyte-macrophages, as much as 500 A.l of the LCM had no significant effect on the degradation of "2I-albumin, indicating that non-receptor-mediated endocytosis was not affected. In other experiments it was found that the LCM also had no effect on the phagocytosis of heat-killed yeast. Greater than 99% of monocyte-macrophages excluded trypan blue and ingested the yeast whether they were cultured in LCM or CM. Cells cultured in LCM or CM ingested 42 ± 13 and 43 ± 11 yeast cells per monocyte-macrophage, respectively. It might have been anticipated that a decrease in LDL receptor activity in cells maintained in a medium rich in cholesterol acceptors (30% autologous serum) would result in a net loss of cholesterol from the cells and a compensatory increase in HMG-CoA reductase (21, 22) . However, as shown by the experiments in Fig. 4 , HMG-CoA reductase activity in fact decreased ( Fig. 4B ) and cholesterol acyltransferase activity increased (Fig. 4C) . Neither the incorporation of leucine into proteins nor the protein content of the cells was significantly affected (Fig. 4 D and E) .
Basu et aL (11) have demonstrated that LDL forms complexes with high molecular weight dextran sulfate, and these complexes are taken up and degraded by macrophages via a highaffinity pathway that is distinctly different from the LDL receptor pathway or the scavenger receptor pathway. As shown in Fig. 5 , the activity of the LDL-dextran sulfate pathway was also markedly reduced in cells exposed to LCM.
We previously demonstrated that MDA-LDL causes cholesteryl ester accumulation in monocyte-macrophages of the degree found in arterial foam cells (6, 7) . The protective effect of the LCM is clearly demonstrated in Fig. 6 . Monocyte-macrophages incubated in LCM accumulated substantially less cho- lesteryl ester when exposed to MDA-LDL than did cells incubated in CM.
DISCUSSION
Macrophages possess a number of recognition sites for cholesterol-rich particles (6) (7) (8) (9) (10) (11) (23) (24) (25) . The activities ofthree ofthese pathways (LDL receptor pathway, LDL-dextran sulfate pathway, and scavenger receptor pathway) were markedly decreased in cells exposed to as little as 50 A.l of medium from lymphocytes stimulated by Con A. This effect was not seen when the monocyte-macrophages were exposed to medium from lymphocytes not exposed to Con A, or lymphocytes exposed to Con A together with a-methyl mannoside or control medium not containing lymphocytes. Taken together, this evidence strongly suggests that lymphocytes stimulated by Con A produced potent substance(s) that inhibited these three pathways. Depression of the LDL-dextran sulfate pathway and the scavenger receptor pathway indicates that these substances are probably not specific regulators of cellular cholesterol homeostasis but may be acting upon receptor-mediated endocytosis in general. However, there was no change in non-receptormediated endocytosis or in phagocytosis of heat-killed yeast. Under these conditions cholesterol acyltransferase activity increased slightly while protein synthesis and protein content did not change, providing further evidence that the effect of the LCM upon the monocyte-macrophages was not a general depression of cellular functions. In preliminary experiments, partially purified lymphokines from an established lymphocyte line kindly provided by David W. Golde and Jerome E. Groopman markedly decreased the activities of the LDL and scavenger receptor pathways, suggesting that the substances released from the Con A-stimulated lymphocytes may be lymphokines.
The greater decrease in scavenger receptor activity (67 + 16%) as compared to LDL receptor activity (40 ± 14%) suggests either that there are differences in the regulation of the two receptors or that there are different substances (lymphokines) affecting the receptor activities. The LCM also inhibited the activity of the rate-controlling enzyme in cholesterol biosynthesis, HMG-CoA reductase. Despite the decrease in the uptake of exogenous cholesterol and the presumed decrease in endogeneous cholesterol synthesis, the total cholesterol content of cells incubated in the absence of added lipoproteins did not decline appreciably. One explanation for these observations would be a decrease in cholesterol efflux that partially compensated for reduced cholesterol influx and synthesis. However, at present there are no data to substantiate this hypothesis and the observation remains unexplained.
Addition of MDA-LDL to cells in CM produced cholesteryl ester accumulation. However, addition of MDA-LDL to cells exposed to LCM resulted in substantially less cholesteryl ester accumulation. Thus, the net result of exposure to the LCM was that the macrophages were protected from cholesteryl ester accumulation without apparent adverse effects. The isolation of the substance(s) responsible for these metabolic changes should allow new insights into the mechanisms ofreceptor-mediated endocytosis and the relationship between these processes and cellular cholesterol homeostasis. Moreoever, these substance(s) may have therapeutic potential in preventing atherosclerosis.
